In this study, tetraethylenepentamine modified magnetic graphene oxide nanomaterial (TMGO) was prepared and characterized by transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, thermogravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS) and vibration sample magnetometer (VSM). All the characterizations proved that the modification and preparation of TMGO were successful. The TMGO nanomaterial was used in the adsorption of Acid Red 18 (AR) in aqueous solution. The parameters like pH of solution, adsorption kinetics and isotherms were all investigated. The results indicated that the TMGO nanomaterial had satisfied adsorption ability and the maximum adsorption capacity was 524.2 mg g -1 at 45 °C and pH 6. The adsorption capacity remained at 91.8% of the initial value after five cycles. The adsorption process with AR was found through fitting the pseudo-second-order kinetics equations and the Freundlich adsorption model. The experimental results demonstrated that the TMGO nanomaterial could be rapidly extracted from the medium and had a good adsorption ability to remove dyes in wastewater.
Introduction
Increasing interests were focused on the environmental health, especially the removal of toxic organic or inorganic pollutants from water because of the water pollution during the development of modern industry. 1 Among the various toxic pollutants, dye was one of the most serious problems because of the visible color, complex component and low biodegradability. 2 Dye was widely used in direct textiles, printing and dyeing. It showed many damages to plants, animals and human beings. 3 Therefore, wastewater containing dyes should be treated adequately before being discharged. 4 The development of materials for removal of dyes exhibited considerable importance.
Recently, many kinds of materials and nanomaterials such as silica nanoparticles, carbon nanotube, gold nanoparticles and metal oxide nanoparticles were utilized as adsorbents for removal of toxic compounds. [5] [6] [7] [8] Graphene oxide (GO) attracted significant interests due to its high mechanical strength and facile functionalization ability. 9 It could be a good material for adsorption owing to the large specific surface area, abundant oxygen containing groups and high water solubility. [10] [11] [12] Magnetic nanoparticles (MN) were also good in separation of toxic dyes by simply using an ordinary magnet. 13, 14 After the combination of MN and GO, magnetic GO (MGO) and related complex nanomaterials were prepared and used in pollution control and sensors were benefited from the advantages of both MN and GO. [15] [16] [17] [18] During the various kinds of applications, many advantages of MGO were demonstrated including high adsorption capacity, easy recycling and improved stability.
In this study, tetraethylenepentamine was used in the modification of Fe 3 O 4 magnetic nanoparticle (TMN) to increase amino groups and ultimately increase the interaction between adsorbent and dye molecule. The TMN was then bound on the surface of GO (TMGO) and the final nanomaterial was applied in the adsorption of Acid Red 18 (AR). The prepared materials were characterized by transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, thermogravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS) and vibration sample magnetometer (VSM). In order to obtain the optimum reaction condition, effect of pH on the adsorption of AR and the reusability of TMGO were investigated. Kinetics and isotherms parameters of the adsorption were also determined. The experimental results showed that TMGO had a satisfied adsorption capacity and could be regenerated.
Experimental

Chemicals and materials
Graphite flake (100 mesh) was purchased from Nanjing XFNANO Materials Tech Co., Ltd. (Nanjing, China). 
Synthesis of GO
GO was prepared according to the improved hummer method reported by Marcano et al. 19 Briefly, 13 mL of H 3 PO 4 , 120 mL of concentrated H 2 SO 4 , 6.000 g of KMnO 4 and 1.000 g of graphite flakes were mixed and kept at 50 °C for 12 h with magnetic stirring. Then the mixture was poured into 130 mL of ice containing 3 mL of 30% H 2 O 2 . The mixture was centrifuged for 30 min and the supernatant was decanted. Then the remaining solid was washed with 30% HCl and water for five times, respectively. For each wash, the mixture was centrifuged for 30 min and the supernatant was decanted. The finally obtained solid material was dried in vacuum at 40 °C.
Synthesis and characterizations of TMGO
0.100 g of GO was dispersed in 50 mL of water. EDC (0.1 M) and NHS (0.1 M) were then added to the GO dispersion and shaken for 1 h. 0.150 g of TMN was added in the GO dispersion and shaken for 30 min. The obtained TMGO was finally collected by magnetic separation and dried in vacuum at 40 °C.
In order to characterize the obtained TMGO, TEM images of MN and TMGO were recorded on a JEOL200CX electron microscope (Jeol, Tokyo, Japan). Magnetic properties of MN, TMN and TMGO were performed on a Lakeshore 7407 vibrating sample magnetometer (VSM, Westerville, Ohio, USA) at room temperature. FTIR spectra were obtained using a Nicolet avatar 360 FTIR spectrophotometer (Thermo Fisher Nicolet, Orlando, USA) and samples were dried at 40 °C in vacuum for at least 12 h prior to fabrication of the KBr pellet. The Raman spectrum was measured by using a Raman Microscope (LabRAM HR Evolution, Horiba, Kyoto, Japan). TGA was performed in nitrogen atmosphere from 50 to 800 °C with a heating rate of 10 °C min -1 using a simultaneous thermal analyzer (Netzsch STA 449F3, Ahlden, Germany). XPS was used to analyze the surface elemental composition by K-Alpha XPS spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). ). The mixture was shaken at 25 °C and the concentration of AR was determined at certain intervals. Pseudo-first-order and pseudo-second-order kinetic models were used to evaluate the sorption kinetics. The pseudo-first-order kinetic model could be expressed by the following equation: (1) where q e (mg g ) is the rate constant of adsorption, q e (mg g -1 ) is the equilibrium adsorption capacity, q t (mg g -1 ) is the amount of adsorbate at time. 20, 21 For the adsorption isotherm, 10 mg of TMGO was added into 40 mL of AR solution at the concentration range of 50-150 mg L -1
. The mixtures were shaken at 25, 35 and 45 °C for 120 min and the concentration of AR was determined to study the adsorption isotherm. Langmuir and Freundlich equations were used to evaluate adsorption isotherm. The Langmuir isotherm could be expressed as follows: (3) where C e (mg L -1 ) is the equilibrium concentration of AR solution, q m and b are the maximum adsorption capacity (mg g -1 ) and the equilibrium adsorption constant (L mg -1 ).
On the contrary, the Freundlich isotherm could be given as the following equation:
where C e (mg L -1 ) is the equilibrium concentration of AR solution, q e (mg g -1 ) is the adsorption capacity at equilibrium, k (L mg -1 ) and n are the Freundlich constants. ) and the mixture was shaken for 120 min at 45 °C. The final concentration of AR was determined and the TMGO was washed with ethanol and water for three times (5 mL of solution in each time). Then the TMGO was added into another AR solution to start a new cycle. The results were shown as the relative adsorption capacity. All the assays were operated with three replicates.
Results and Discussion
Characterization of TMGO TEM images of MN and TMGO were presented in Figure 1 . As shown in Figure 1a , the MN showed round shape and the range of size distribution of MN was mainly from 420 to 480 nm. The average diameter of MN was about 450 nm. Some MN with the diameter smaller than average value also existed. However, the synthesis of material and adsorption would not be affected by the small size of MN. After the combination (Figure 1b) , it could be seen that TMN bound with GO and characteristics of GO like sheetlike structure and wrinkled edge could be also observed. 23 The TMGO was obtained from the condensation reaction between the amino group of TMN and carboxylic group of GO using EDC and NHS as cross-linking agents. The formed carboxamide bonding between GO and TMN was studied through FTIR spectroscopy. Figure 2 showed the FTIR spectra of MN, TMN, GO and TMGO. The FTIR spectrum of MN showed the characteristic peak at 574 cm -1 corresponding to the Fe-O stretching vibration. Two bands observed in the spectrum of TMN at 1631 and 3415 cm -1 could be assigned to the N-H bending and stretching vibrations of free amino groups on TMN surface. 24 For the spectrum of GO, the peaks at 3428 and 1629 cm -1 were assigned to the O-H stretching vibration and the C=O stretching vibration of the carboxyl group, respectively. 25, 26 In the spectrum of TMGO, all feature peaks of GO and TMN could be observed, and all peaks confirmed that the preparation of TMGO was successful.
Raman spectroscopy was used to characterize carbon materials such as GO. Figure 3 showed the Raman spectrum of TMGO. The TMGO exhibited D band usually at 1340 cm -1 , representing the disordered sp 3 carbon structure, and a G band usually at 1575 cm -1 , representing the sp 2 ordered crystalline graphite-like structures. 27 The intensity ratio of the D to G peak (I D /I G ) for the Raman spectroscopy of TMGO was 1.04. The high ratio reflected the increased disorder of the sp 2 domain within the materials. 28 TGA was performed to determine the thermal stability of prepared materials. Figure 4 showed the TGA curves of MN, TMN and TMGO. The weight loss below 200 °C was related to the evaporation of absorbed water molecules. When the temperature reached 800 °C, the total weight loss of MN and TMN were 7.1 and 10.3%, respectively, which indicated the modification of organic groups on MN. While on the TGA curve of TMGO, the most significant mass loss of GO occurred below 200 °C due to water produced by the decomposition of labile hydroxyl and carboxyl groups. 29 Finally, the total weight loss of TMGO reached 43.9% when the temperature reached 800 °C. It could be concluded that the modification of MN and the combination of GO and TMN was effective.
The elemental composition and chemical status of TMGO were analyzed by XPS. Figure 5a showed the full survey scan of XPS spectra for TMGO. The sharp peaks in Figure 5a indicated the presence of carbon (C1s), oxygen (O1s), nitrogen (N1s), and iron (Fe2p) elements in TMGO. The XPS C1s, O1s, N1s and Fe2p spectra were summarized in Figures 5b-5e to further investigate the relative contents of core groups in TMGO. In the spectrum of C1s of TMGO (Figure 5b) , the strong peaks at 284.8 and 286.6 eV indicated the saturated C-C bonding in graphene framework and the carbon in hydroxyl and epoxy groups (C-O-C) of GO. The peak at 288.0 eV was due to the carbonyl carbon (C=O) on GO. 30 The XPS spectrum of O1s of TMGO (Figure 5c ) indicated the Fe-O bond in iron oxide at 529.7 eV, the hydroxyl group at 531.1 eV and the C-O bond at 532.3 eV, all observed on the TMGO surface. The XPS spectrum of N1s of TMGO (Figure 5d) showed two peaks at 399.4 and 401.4 eV, which were attributed to the NH 2 (amine) and O=C-N (amide) bonds in TMGO. 31 It indicated the modification of amino groups on the materials was successful. Figure 5e showed the XPS spectrum of Fe2p of TMGO. The peaks at 723. 2 The magnetic properties of MN, TMN and TMGO were determined by VSM at room temperature. Figure 6 showed the saturation magnetization curves. The saturation , respectively, which were lower than that of MN. The decrease of saturation magnetizations after modification and combination could be contributed to the existence of non-magnetic materials. 33 These features of TMGO made the highly efficient magnetic separation available with ordinary external magnetic field.
Effect of pH
The pH of solution would affect the adsorption capacity of adsorbent and showed impact on the electrostatic interaction between dye and adsorbent surface. The effect of pH on the adsorption capacity of AR was studied in the range of 4 to 9 ( Figure 7) . As a result, the relative adsorption capacity reached maximum when pH was 6. At acidic pH region, the surface of adsorbent becomes highly positively charged due to increased protonation of the amine group. The amino cations of TMGO could interact with sulfonate anions of anionic dye by electrostatic adsorption. 34 The optimum pH value was in accordance with the reported research. 35, 36 Furthermore, the lower adsorption of anionic dye at higher pH values could be attributed to the electrostatic repulsion between negatively charged adsorbents and anionic AR dye, 37 and the increasing competition for sites between OH -ions and anionic dye ions. 35 
Adsorption kinetics
The adsorption kinetics of AR were shown in Figure 8a . In the first 45 min, the adsorption amount of AR apparently increased and then the increase trend slowed down. After 120 min, the adsorption reached equilibrium, thus 120 min was selected as the adsorption time. The adsorption of AR was fitted with the pseudo-first-order and pseudo-second-order kinetic models. The results showed that the adsorption fitted well with pseudo-second-order kinetic equation (Figures 8b and 8c ) and the correlation coefficient of fitting model reached 0.995, while the correlation coefficient of fitting pseudo-first-order model was 0.982. It could be suggested that pseudo-second-order model was the optimal candidate in explicating AR adsorption.
Adsorption isotherm
Adsorption isotherm was important for determining the adsorption behavior of an adsorbent. The isotherm data for the adsorption of AR on TMGO were fitted with the Langmuir and Freundlich models. Figure 9 showed the adsorption isotherm and the parameters of the Langmuir and Freundlich models were listed in Table 1 . The adsorption capacity of AR at 45 °C reached 524.2 mg g -1 . As shown in Figure 9 and Table 1 , the Freundlich Langmuir model fitted better than the Langmuir model. It demonstrated that the adsorption of AR on TMGO could be considered as a monolayer adsorption process.
Reusability of TMGO
The reusability of TMGO was shown in Figure 10 . The relative adsorption capacity of TMGO decreased gradually during five cycle usage and the relative adsorption capacity of TMGO remained 91.8% after five cycles. The decrease in adsorption capacity might be caused by the incomplete desorption of dyes from TMGO and the loss of TMGO in repeated operations. 38, 39 The result indicated that TMGO was a cost effective material for the removal of dyes. 
